Foreword
In the year 2000 when the idea of Networks on Chip (NoC) was proposed, many people looked at it sarcastically as "bizarre," "too complicated," and "unacceptably inefficient." In a few years they were proved wrong. But even the greatest optimists did not predict that this new paradigm, for designing inter-core connections for multi-core systems using packet-switched communication, will get unanimous endorsement from academicians as well as semiconductor industries in just a matter of 10 years. But it has happened with the announcement of NoC-based 48-core chip by Intel. Now annually there are many international workshops and special track sessions held in important international conferences specifically dealing with issues related to NoC architecture. Within the NoC architecture area, new ideas in routing algorithm design continue to dominate the research publications. During the earlier years, routing algorithm proposals attempted communication performance improvement by maximizing routing adaptivity (while avoiding any possibility of deadlock) and by reducing congestion in general or application-specific contexts. Recently, researchers have expanded the scope of routing algorithm design by including fault tolerance and lowering power consumption as added objectives along with high performance. Motivated by advances in new technologies, proposals of routing algorithms for 3D architectures and mixed electro-optical or pure optical NoCs have also started appearing in literature.
As is obvious from research publications in various conferences and workshops, NoC is becoming an important topic of research and postgraduate teaching in universities all over the globe. Routing algorithm design is a challenging topic for researchers since it provides the possibility of graph theoretic analysis of any proposed new solution. Thanks to the availability of free NoC simulators, this area provides the possibility of concrete and speedy experimental evaluation of new ideas in NoC routing. Availability of ASIC design tools and FPGA prototyping tools also allows evaluation of cost and power consumption implications of the new ideas. Research in the area of routing algorithms is still flourishing and by no means has reached the saturation point. This book, entitled Routing Algorithms in Networkson-Chip, is a collection of papers describing representative solutions to important aspects and issues related to routing algorithms. This collection does not claim v to include best solutions for any aspect of routing algorithms, nor does it claim a complete coverage of topics related to this important area of NoC architecture. But the book does provide a good source of reference to postgraduate students and researchers getting started in this exciting area.
For many years, both Maurizio Palesi and Masoud Daneshtalab have been very active in research related to various aspects of NoC architecture design in general, and design of routing algorithms in particular. They have made significant and distinctive contributions in the area of routing algorithms. Their contributions, through the organization of NoC-related workshops and special sessions in international conferences, as well as through special issues for various international journals, are well known and highly appreciated by the NoC community. The contacts and knowledge gained by them through these experiences have placed them in a unique position to put together this excellent collection of papers in a book form.
The book is organized in six logical parts such that each part contains papers related to a common theme. For example, Part I contains papers proposing ideas to improve routing performance in NoC platforms. Similarly, Part II collects ideas related to multicast routing in NoC platforms. There are parts, each with multiple chapters, dealing with fault tolerance routing in NoC, power/energy-aware routing, and routing for 3D and optical NoC. The single chapter in the last part describes an industrial case study of routing algorithm in a tera-scale architecture. This organization makes the book directly useable as a reference or as a textbook in a special topic graduate course.
I recommend this book to all those who are new to the area of NoC architecture and NoC routing and want to understand the basic concepts and learn about important research issues and problems in this area. The book will also be useful as a reference source to established research groups as well as industry involved in NoC research. I feel this book will make an important contribution in promoting education and research in NoC architecture.
Jönköping University, Shashi Kumar Jönköping, Sweden
Preface
Modern Systems-on-Chip (SoCs) today contain hundreds of Intellectual Properties (IPs)/cores, including programmable processors, coprocessors, accelerators, application-specific IPs, peripherals, memories, reconfigurable logic, and even analog blocks. We have now entered the so-called many-core era. The International Technology Roadmap for Semiconductors foresees that the number of Processing Elements (PEs) that will be integrated into an SoC will be in the order of thousands by 2020. As the number of communicating elements increases, there is a need for an efficient, scalable, and reliable communication infrastructure. As technology geometries shrink to the deep submicron regime, however, the communication delay and power consumption of global interconnections become the major bottleneck. The Network-on-Chip (NoC) design paradigm, based on a modular packet-switched mechanism, can address many of the on-chip communication issues, such as performance limitations of long interconnects and integration of a large number of PEs on a chip.
The overall performance of a network depends on several network properties such as topology, routing algorithm, flow control, and switching technique. This book is focused on routing algorithms. The routing algorithm has a strong impact on several nonfunctional requirements of an NoC-based system. Performance, reliability, energy consumption, power dissipation, thermal aspects, and fault tolerance represent just a short list of the major common metrics affected by the routing algorithm.
The scientific literature related to NoC architectures and design methodologies is mostly dominated by works that address issues concerning the routing algorithms. Unfortunately, although the topic is so important and so widely discussed in the NoC community, there is a lack of structured resources (i.e., books, articles, etc.) aimed at organizing the great deal of literature and information on routing algorithms used in the NoC-based systems. The goal of this book is to provide a unified platform for students (master's, Ph.D.), researchers (from both academy and industry), and practitioners for building the basis of routing algorithms for NoC-based systems as well as providing in-depth discussions on advanced solutions applied (and to be applied) in the current and the next generation of NoC-based many-core SoCs. After vii viii Preface a brief introduction on the basic concepts of on-chip networks, routing algorithms for NoC architectures will be presented and discussed at different abstraction levels -starting from the algorithmic level to their actual circuital implementation. The impact on current and future key design objectives, namely, power dissipation, energy consumption, thermal aspects, reliability, and performance, will be analyzed and discussed.
This book is organized based on the key problems which affect the current and (may also affect) the next generation of many-core SoCs by putting emphasis on the role played by the routing algorithm. The book is organized into six parts, each of them aimed at presenting a selection of routing algorithms specifically designed for addressing the key issues which characterize the many-core era. The six parts will cover the following macro-topics: Performance Improvement, Multicast Communication, Fault Tolerance and Reliability, Power/Energy and Thermal Issues, Emerging Technologies, and Industrial Case Study.
The book can be used as a reference for university (post)graduate courses and by Ph.D. students, as well as for advanced courses on SoCs. The audience of the book is not limited to various NoC-related research groups; it also might be attractive for faculty and students from other fields when high-performance computing, supercomputers, and many-core systems become the key elements. In fact, routing algorithms play an important role for these elements. As there is much literature related to this subject, we attempt to collect and adjust the state-of-the-art research results, which have been recently published, into the chapters.
Chapter 1 provides the basic concepts of on-chip networks, including network topologies, switching techniques, and routing algorithms. Such topics represent the conceptual bases exploited by the strategies, the mechanisms, and the methodologies discussed in the rest of the book.
The first part of the book consists of a set of chapters related to performance improvement. Chapter 2 presents a system-level framework for designing minimal deterministic routing algorithms for NoCs that are customized for a set of applications. Chapter 3 studies deadlock detection and recovery strategy in NoCs as opposed to deadlock avoidance. Chapter 4 discusses the abacus turn model which allows to keep the network deadlock-free by dynamically applying forbidden turns. Chapter 5 investigates routing algorithms based on learning approaches for balancing the traffic over the network.
The second part of the book focuses on multicast communication. Chapter 6 presents a new method and concept for implementing efficient and deadlock-free tree-based multicast routing algorithms. Chapter 7 addresses how to implement unicast and multicast routing efficiently in 2D and 3D mesh networks.
Fault tolerance and reliability are discussed in the third part of the book. Chapter 8 presents a fault-tolerant routing algorithm that keeps the negative effect of faulty components on the NoC power and performance as low as possible. Chapter 9 provides extensive knowledge on how to develop a fault-tolerant routing algorithm based on the characteristics of a system. The fourth part of the book addresses power, energy, and thermal issues. Chapter 10 presents the use of bufferless deflection routing for removing input buffers which are responsible for a significant fraction of the total power budget. Chapter 11 proposes a routing algorithm to reduce the hotspot temperature for applicationspecific NoCs.
Emerging technologies are explored in the fifth part of the book. Chapter 12 introduces some design concepts of traffic-and thermal-aware routing algorithms in 3D NoC architectures, which aim at minimizing the performance impact caused by the run-time thermal managements. A new architecture for nanophotonic NoCs which consists of optical data and control planes is proposed in Chap. 13.
Finally, in the last part of the book (Chap. 14), an industrial case study illustrates a comprehensive approach in architecting (and micro-architecting) a scalable and flexible on-die interconnect and associated routing algorithms that can be applied to a wide range of applications in an industry setting.
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